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This study investigated whether working memory training is effective in enhancing
verbal memory in children with low language abilities (LLA). Cogmed Working Memory
Training was completed by a community sample of children aged 8–11 years with LLA
and a comparison group with matched non-verbal abilities and age-typical language
performance. Short-term memory (STM), working memory, language, and IQ were
assessed before and after training. Significant and equivalent post-training gains were
found in visuo-spatial short-term memory in both groups. Exploratory analyses across
the sample established that low verbal IQ scores were strongly and highly specifically
associated with greater gains in verbal STM, and that children with higher verbal
IQs made greater gains in visuo-spatial short-term memory following training. This
provides preliminary evidence that intensive working memory training may be effective
for enhancing the weakest aspects of STM in children with low verbal abilities, and may
also be of value in developing compensatory strategies.
Keywords: working memory, SLI, language, intervention, cognitive training, verbal IQ
Introduction
Impairments in working memory are common in many developmental disorders (Martinussen
et al., 2005; Carretti et al., 2009) and have been suggested to act as barriers to educational achieve-
ment (Swanson and Sachse-Lee, 2001; Gathercole and Alloway, 2006, 2008; Archibald and Joanisse,
2009). This has led to widespread interest in the possibility that the working memory abilities of
children who are poor learners could be enhanced through intensive training in memory-taxing
activities. In both children with attention deﬁcit hyperactivity disorder (ADHD) and those with
low working memory alone, Cogmed working memory training (Cogmed, 2005) enhances per-
formance on untrained measures of working memory (e.g., Klingberg et al., 2005; Holmes et al.,
2010; Chacko et al., 2013; Dunning et al., 2013). Beneﬁts of training have also been reported in
other developmental populations including survivors of pediatric cancer with poor working mem-
ory (Hardy et al., 2011) and typically developing preschool children (Thorell et al., 2009). The
novel issue addressed by the present study is whether the beneﬁts of working memory training are
modulated by the language-related abilities of the trainees.
Working memory provides the temporary storage of information needed to guide ongoing cog-
nitive activities. A variety of models of working memory have been advanced that vary widely in
their speciﬁcity and scope (Unsworth and Engle, 2007; Cowan, 2010; Oberauer et al., 2012). The
multi-component model developed originally by Baddeley and Hitch (1974) and elaborated by
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Baddeley (2000) has proved to be a particularly useful frame-
work for characterizing the development of working memory
during childhood (Bayliss et al., 2005; Alloway et al., 2006; Henry,
2011). The model consists of a central executive that controls the
allocation of attentional resources required to maintain informa-
tion in working memory. This is supplemented by specialized
limited-capacity stores that maintain verbal and visuo-spatial
information, and an episodic buﬀer that integrates multi-modal
representations within working memory. Two broad classes of
test assess the diﬀerent components of this model. STM tasks
involve the simple recall or recognition of information in the
form in which it was presented, and assess the capacity of either
the verbal or visuo-spatial store according to the domain of the
stored information. Examples of STM paradigms are digit span
(verbal) and block span (visuo-spatial). The central executive is
often assessed by complex span tasks imposing signiﬁcant pro-
cessing as well as storage. Examples include backward digit span
(the recall of digits in reverse sequence) and Mr. X (a visuo-
spatial task involving spatial comparisons of two images and
the retention of sequences of spatial information, Alloway et al.,
2006).
Cogmed training has been suggested to improve the neural
eﬃciency of the brain networks involved in working memory
through intensive practice (Westerberg and Klingberg, 2007;
Karbach and Schubert, 2013; Astle et al., 2015). It has also been
identiﬁed as a potential solution to developmental impairments
of working memory problems (Klingberg, 2010; Sonuga-Barke
et al., 2013). In the present study, we investigated whether
Cogmed training can overcome the working memory problems
typically found in children with low language learning abil-
ities. Children diagnosed with Speciﬁc Language Impairment
(SLI), a condition characterized by poor language learning in
the absence of general intellectual problems, have been widely
reported to have deﬁcits on measures of both verbal STM
and verbal complex memory span (Montgomery, 1995; Bishop
et al., 1999; Botting and Conti-Ramsden, 2001; Archibald and
Gathercole, 2006). In contrast, their performance on visuo-spatial
memory tasks is appropriate for their age (Bavin et al., 2005;
Archibald and Gathercole, 2006). A similar proﬁle of predom-
inantly verbal impairments in working memory is also present
in children with reading diﬃculties (Catts et al., 2002; Pickering,
2006).
It has been proposed that deﬁcits in the phonological loop
may underlie some of the language learning problems of chil-
dren with SLI (Baddeley et al., 1998; Archibald and Gathercole,
2007). However, the more widely accepted view is that develop-
mental impairments of language such as SLI arise from a core
deﬁcit in phonological coding which impacts on any activities
(including memory tasks) with signiﬁcant demands on the qual-
ity of phonological representations (de Jong, 1998; Bishop and
Snowling, 2004; Catts et al., 2006). These two views generate con-
ﬂicting hypotheses regarding the impact of training on children
who are poor language learners. A deﬁcit that originates in the
phonological loop may be compensated for either directly by
improvements in the eﬃciency of the working memory neural
substrate resulting from intensive adaptive training (Klingberg,
2010) or more indirectly from improved strategy use (Dunning
and Holmes, 2014). Alternatively, if the core deﬁcit is in phono-
logical coding and the temporary storage problems for verbal
materials are therefore downstream from this, training that taxes
STM and working memory would not be expected to ameliorate
the continuing encoding deﬁcit. On this basis it is predicted that
children with poor languagewould have a diminished response to
training on verbal memory tasks compared with individuals with
typical language abilities. The aim of the present study was to test
these contrasting hypotheses.
A variety of memory training programs exist (e.g., N-back
training; Jaeggi et al., 2008), but the one most widely used in
research studies with children is Cogmed Working Memory
Training, which involves training for 25 days on a variety of
memory-taxing activities employing both visuo-spatial and ver-
bal materials. It has been applied across many studies to popula-
tions with domain-general deﬁcits in STM and working memory,
including children with ADHD and those with working mem-
ory problems in the absence of a diagnosed attentional deﬁcit.
In these groups, the beneﬁts of training extend across untrained
verbal and visuo-spatial complex memory tasks (Klingberg et al.,
2005; Holmes et al., 2009, 2010; Gray et al., 2012; Chacko et al.,
2013; Dunning et al., 2013; Rapport et al., 2013) and visuo-
spatial STM tasks (Klingberg et al., 2005; Holmes et al., 2010;
Dunning et al., 2013). Training beneﬁts for verbal STM are less
consistent. They are present in some children (Klingberg et al.,
2002, 2005; Holmes et al., 2009) but not in others (Holmes et al.,
2009; Gray et al., 2012; Dunning et al., 2013). Diﬀerences in the
transfer tests employed across studies may contribute to these
inconsistencies.
The impact of Cogmed training was compared between chil-
dren with poor language abilities (LLA) and a comparison group
of children with age-appropriate language that were matched
on non-verbal IQ. This design is appropriate for investigat-
ing diﬀerential responses to training across groups, but not for
quantifying the highly speciﬁc beneﬁts of a particular training
program due to the absence of active or passive intervention
conditions. Members of the LLA group were selected through
community screening on measures of both an expressive lan-
guage (sentence repetition) and a receptive language (picture-
word matching) test. None of the children were diagnosed with
language impairments (although their problems had in many
cases been recognized by their schools) but their language pro-
ﬁle corresponds closely to that of children with SLI and related
language learning problems meaning the results will nonetheless
be relevant to this group too (e.g., Bishop et al., 2000; Conti-
Ramsden et al., 2001). However, the standard SLI exclusionary
criterion of a marked discrepancy between language and non-
verbal abilities was not applied (Bishop et al., 1999; Tomblin
and Zhang, 1999). The reason for this is that because working
memory and ﬂuid intelligence are known to be closely linked
(Engle et al., 1999; Jaeggi et al., 2008), the exclusion of low scor-
ers could potentially eliminate individuals with working memory
problems. The current selection approach also enabled us to
evaluate the extent to which Cogmed training was beneﬁcial
for a sample that were more representative of the majority of
poor language learners in school than children with a diagnosis
of SLI.
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A secondary aim of the study was to investigate whether the
children’s responses to training on measures of working mem-
ory were mediated by a broader range of individual diﬀerences
in their cognitive abilities other than the selection measures of
language. To provide the necessary power for these exploratory
correlational analyses, data from both groups was combined.
While no speciﬁc hypotheses were generated, it was speculated
that pre-training strengths in working memory may support
the development of new and possibly compensatory strategies
through training (Dunning and Holmes, 2014). Support for this
would be provided if high baseline memory performance was
associated with greater training gains on the working memory
transfer tests.
Materials and Methods
Participants
A total of 179 children aged 8–10 years attending two primary
schools in south–east England were screened on a receptive lan-
guage test [Peabody Picture Vocabulary Test (PPVT), Dunn and
Dunn, 2007], an expressive language test [Recalling Sentences
subtest of the Clinical Evaluation of Language Fundamentals
(CELF), Semel et al., 2006], and a test of non-verbal reason-
ing [Matrix Reasoning subtest of the Wechsler Abbreviated
Scales of Intelligence (WASI), Wechsler, 1999]. All children
were native English speakers (87 males, mean age 9 years,
3 months, SD = 10.7 months). Of the screened sample, 16 chil-
dren with standard scores <86 on PPVT and scaled scores <7
on CELF Recalling Sentences formed the LLA group. A com-
parison group of 16 children were individually matched on
age to within 90 days, gender, and on non-verbal reason-
ing. The two groups diﬀered on CELF Recalling Sentences,
t(30) = −10.692, p < 0.001, d = 3.784, and on PPVT,
t(30) = −7.69, p < 0.001, d = 2.987. There were no group
diﬀerences on the non-verbal reasoning task, t(30) = −0.244,
p= 0.809, d= 0.086. Both groups scored in the low average range
on this task.
Consent to continue to the training phase was not obtained
for one child in the LLA group, and two further children (one
in each group) withdrew before any further testing was com-
pleted. Two children in the LLA group failed to complete training
(one withdrew and the other moved schools). Data are reported
here only for the remaining children who completed train-
ing (LLA, n = 12, males = 7, mean age 9 years, 9 months,
SD = 8.4 months; comparison group, n = 15, males = 8, mean
age 9 years, 9 months, SD= 9.5 months). Descriptive statistics for
the screened sample and both groups are shown in Table 1. The
LLA group scored at a signiﬁcantly lower level on the Recalling
Sentences test, t(25) = −11.687, p < 0.001, d = 4.513 and the
PPVT, t(25) = −6.613, p < 0.001, d = 2.938, with no signiﬁ-
cant group diﬀerences in non-verbal reasoning, t(25) = −0.503,
p = 0.619, d = 0.194.
Procedure
Following screening, participants completed a set of pre-training
assessments in a one-to-one session that lasted approximately
1.5 h. They then took part in 20 45-min sessions of Cogmed
Working Memory Training over the following 8 weeks in small
groups in school supervised by a research assistant. Upon com-
pletion of training, all pre-training tasks were re-administered
in individual sessions. The researchers conducting the pre- and
post-training assessments and supervising training were blind to
group membership.
Working Memory
Participants completed eight subtests of the Automated Working
Memory Assessment (AWMA, Alloway, 2007) before and after
training: two tests each of verbal STM (Digit Recall, Word Recall),
visuo-spatial STM (Dot Matrix, Block Recall), verbal working
memory (Backward Digit Recall, Listening Recall), and visuo-
spatial working memory (Mr. X, Spatial Recall). The verbal STM
and working memory tasks required spoken responses. Pointing
responses were required for the visuo-spatial tasks. The STM
tasks required the immediate serial recall of either verbal or
visuo-spatial information (e.g., recalling a digit list in forward
order). The working memory tasks had an additional executive
load in the form of processing either the storage material or
other relevant information prior to recall (e.g., reversing digit
sequences prior to recall). Standard scores were derived for indi-
vidual tests. Composite scores for each of the four aspects of
working memory were calculated by averaging standard scores
for each pair of tests.
Language
At the pre-training assessment, participants completed a test of
phonological processing, and verbal STM the Children’s Test of
Non-word Repetition (CNRep, Gathercole and Baddeley, 1996),
and the Understanding Spoken Paragraphs subtest of the CELF
(Semel et al., 2006), a measure of listening comprehension. The
same assessments were completed again after training, in addi-
tion to the PPVT (Dunn and Dunn, 2007) and CELF Recalling
Sentences tests.
TABLE 1 | Language and non-verbal reasoning profiles of screening sample and selected groups.
CELF Recalling Sentences Peabody Picture Vocabulary
Test (PPVT) vocabulary
Matrix Reasoning
n M SD M SD M SD
Screening sample 179 9.220 3.170 100.630 13.600 47.280 10.120
LLA 12 3.750 1.603 81.083 4.078 41.250 6.917
Comparison 15 10.800 1.521 103.067 10.886 42.600 6.936
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IQ
Prior to training, the Similarities and Vocabulary (verbal IQ), and
Block Design (performance IQ) subtests of the WASI (Wechsler,
1999) were administered. The fourth subtest, Matrix Reasoning,
was administered at screening. All four measures of the WASI
were administered after training. Composite indices of verbal and
performance IQ were calculated.
Working Memory Training
Participants completed 20 sessions of CogmedWorking Memory
Training RM (Cogmed, 2005). Each training session lasted
approximately 45 min and involved repeated practice on span-
like STM and working memory tasks. Participants completed
eight out of a possible 12 tasks in each session, with 15 trials on
each task. Seven of the tasks involved the serial recall of visuo-
spatial information. Of these, four required mental manipulation
(e.g., spatial rotation) prior to recall (visuo-spatial working mem-
ory) and three required simple serial recall (visuo-spatial STM).
Three further tasks required the serial recall of verbal information
in the same order (verbal STM) or in reverse or ascending order
(verbal working memory). Two other tasks required the recall of
verbal information associated with speciﬁc spatial locations, one
in forward order (STM) and one in reverse sequence (working
memory). All responses were made by clicking with the computer
mouse. The diﬃculty of the tasks adapted to match the children’s
performance level on a trial-by-trial basis. Full details about the
training program are provided at www.cogmed.com/rm.
Results
Pre-Training
Descriptive statistics for the STM and working memory tasks are
provided in Table 2. Language and IQ scores are presented in
Table 3. Separate multivariate analyses of variance (MANOVAs)
were conducted on the STM, working memory, language, and
IQ measures. Univariate F tests were performed to compare
performance between the LLA and comparison groups on the
individual measures. Bonferroni corrections were made to cor-
rect for multiple testing. Thresholds for statistical signiﬁcance
were p< 0.0125 for STM,working memory and IQ, and p< 0.006
for language measures.
Short-Term Memory
There was a signiﬁcant group eﬀect on the STM measures,
Hotelling’s T2(4, 22) = 7.497, p < 0.001, η2ρ = 0.577. Univariate
analyses revealed signiﬁcant group diﬀerences on each of the
individual verbal STM subtests and the resulting verbal STM
composite score, with eﬀect sizes ranging from d = 1.6 to 2.12.
In all cases, the LLA group scored at a signiﬁcantly lower level
than the matched comparison group. The groups did not diﬀer
signiﬁcantly on the visuo-spatial STM tasks.
Working Memory
The group eﬀect was not signiﬁcant, Hotelling’sT2(4, 22)= 1.535,
p= 0.227, η2ρ= 0.218. The group diﬀerence on the verbal working
memory composite score did not withstand the correction for TA
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multiple comparisons (p = 0.018, d = 1.05). Signiﬁcant group
diﬀerences were not found either for measures of visuo-spatial
working memory or for the individual verbal working memory
subtests.
Language
AMANOVA revealed a signiﬁcant group eﬀect for the CELF lan-
guage tasks, Hotelling’s T2(2, 24)= 84.943, p< 0.001, η2ρ= 0.876,
and for CN-Rep, Hotelling’s T2(4, 22) = 17.325, p < 0.001,
η2ρ= 0.759. Total scores for the LLA group were signiﬁcantly
lower than those of the comparison group across all language
tasks. On non-word repetition, the LLA group performed signiﬁ-
cantly more poorly at syllable lengths four and ﬁve, with no group
diﬀerence at shorter syllable lengths.
IQ
The group eﬀect for the IQ tests was signiﬁcant, Hotelling’s T2(2,
24) = 6.444, p = 0.006, η2ρ = 0.349. Univariate F tests revealed
signiﬁcant group diﬀerences in verbal IQ but not in performance
IQ. The scores of the LLA group were lower than those of the
comparison group on the verbal IQ test.
Training
Signiﬁcant main eﬀects of training were observed for the whole
sample from pre- to post-test on two visuo-spatial STM tasks,
Dot Matrix, Block Recall, and for the derived composite visuo-
spatial STM score (see Table 2). Scores were higher after training
on Digit Recall (p = 0.05), Backward Digit Recall (p = 0.02),
Spatial Recall (p = 0.017), and the verbal STM composite score
(p = 0.03), but in all cases these eﬀects did not meet signiﬁcance
at the Bonferroni threshold. No other main eﬀects for the STM
and working memory measures reached signiﬁcance. Signiﬁcant
gains from pre- to post-test were also observed for the total non-
word repetition score and for performance on this test at syllable
lengths 3 and 5. There was a main eﬀect of training on both ver-
bal and performance IQ, with signiﬁcantly higher scores after
training (Table 3).
Pre- to post-training diﬀerences were analyzed separately
for each group in paired-sample t-tests. Signiﬁcant increases in
scores were observed after training for the comparison group on
the following measures: Dot Matrix, Block Recall, visuo-spatial
STM, Backward Digit Recall, Spatial Recall, total non-word repe-
tition score, accuracy of repeating 3, 4, and 5 syllable non-words,
and both performance IQ and verbal IQ. Signiﬁcant pre- to
post-changes did not withstand the correction for multiple com-
parisons for some tasks, although the eﬀect sizes were substantial:
Block Recall (d = 0.829), Backward Digit Recall (d = 0.680),
Spatial Recall (d = 0.550), CN-Rep 3 and 4 syllable non-words
(d = 0.961 and 819, respectively). This reﬂects the relatively low
statistical power of the study.
For the LLA group, signiﬁcant gains were found on Digit
Recall, verbal STM, Block Recall, visuo-spatial STM, total non-
word scores, and performance at syllable lengths 3, 4, and 5,
and performance IQ. Gains on the verbal STM composite mea-
sure were no longer signiﬁcant when corrections were made for
multiple comparisons, although the eﬀect size was moderate in
magnitude, d = 0.48. Changes in non-word repetition scores at
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syllable length 3 did not withstand the multiple comparison cor-
rection, but the eﬀect size was large (d = 1.074). After correction
for multiple comparisons, gains for performance IQ were small
(d = 0.290) and non-signiﬁcant.
To investigate group diﬀerences in training gains, a series of
2 × 2 ANOVAs with time (pre, post) and group (LLA, com-
parison) were performed. The outcomes of these analyses are
displayed in Tables 2 and 3. There were no signiﬁcant diﬀer-
ences in the impacts of training on memory scores in the two
groups. Signiﬁcant group × time interactions were observed for
total non-word repetition scores and for performance at sylla-
ble length 5. Training gains were signiﬁcantly greater for the
LLA group on both measures. No other training-related diﬀer-
ences between groups reached signiﬁcance. An equivalent pattern
of results emerged when group diﬀerences in gains scores were
compared.
Correlational Analyses
Initial exploratory correlational analyses were performed
between baseline cognitive abilities and gains in STM and work-
ing memory on tests that were not used for selection purposes.
For these analyses, data from both groups were combined and
composite scores derived where there were multiple variables
for a single construct in order to reduce error and maximize the
case to variable ratio. Table 4 shows the correlations between
measures of IQ, listening comprehension and non-word repe-
tition and gains in each aspect of working memory calculated
by the diﬀerence between post-training and pre-training scores.
Pre-training verbal IQ was highly and negatively correlated
with gains in verbal STM (r = −0.548), indicating that greatest
training beneﬁts were obtained for the children with lowest
verbal IQs. There were no other signiﬁcant associations between
pre-training scores and gains in any of the four composite
memory scores.
Next, links between pre-training abilities and the variance
in post-training working memory scores that could not be pre-
dicted by the same working memory assessments taken prior
to training were explored. First, the residual variance in post-
training scores was calculated from the best-ﬁtting linear function
with pre-training scores as the dependent variable, for each of
FIGURE 1 | Scatter plot of baseline verbal IQ and residual training
scores in verbal STM (A) and visuo-spatial working memory (B).
the four working memory composite scores. Correlation coeﬃ-
cients were then calculated between pre-training measures and
residual post-training scores. Verbal IQ was signiﬁcantly neg-
atively associated with the verbal STM residual training score
(r = −0.382, see Figure 1A). This indicates that the relationship
between verbal IQ and scores on verbal STM after training was
not a simple function of a pre-training association between verbal
IQ and verbal STM that had a secondary impact on post-training
scores.
TABLE 4 | Correlations between gains in working memory (post minus pre training scores) and baseline ability scores (above horizontal) and between
residual training scores in working memory and baseline ability scores (below horizontal).
Verbal VS Verbal VS Verbal Performance Understanding CN-Rep
STM STM WM WM IQ IQ Spoken Paragraphs Total
Verbal STM – 0.001 0.343 0.081 −0.548∗∗ −0.194 0.003 −0.256
VS STM 0.040 – 0.153 0.471∗ 0.082 0.357 −0.187 0.163
Verbal WM 0.322 0.270 – 0.056 −0.046 −0.136 0.096 0.059
VS WM −0.048 0.575∗∗ 0.265 0.178 0.083 −0.022 0.345
Verbal IQ −0.382∗ 0.067 0.208 0.419∗ – 0.251 0.446∗ 0.487∗
Performance IQ −0.172 0.350 −0.039 0.377 0.251 – −0.171 0.118
Understanding Spoken Paragraphs 0.148 −0.191 0.341 −0.006 0.446∗ −0.171 – 0.409∗
CN-Rep Total −0.037 0.149 0.301 0.483∗ 0.487∗ 0.118 0.409∗ –
∗∗denotes significance <0.01, ∗significant at the <0.05 level.
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Two further signiﬁcant associations emerged from the analy-
ses of the training residual scores. Post-training residual scores
on visuo-spatial working memory were highly associated both
with verbal IQ (r = 0.419; Figure 1B) and non-word repetition
(r = 0.483).
Discussion
This study compared the beneﬁts of working memory training for
children with LLA and a comparison group with typical language
skills. Prior to training, the LLA children scored at relatively low
levels on verbal measures of both STM and working memory,
and similarly, to the comparison group on visuo-spatial memory
tasks. This is consistent with previous reports of close associa-
tions between verbal abilities such as vocabulary and verbal STM,
both in unselected samples of children (Gathercole et al., 1999;
Majerus et al., 2006) and individuals with SLI (Gathercole and
Baddeley, 1989; Conti-Ramsden et al., 2001).
The primary aim of the study was to test between predic-
tions derived from contrasting theories of developmental lan-
guage impairments concerning responses to working memory
training of the LLA group. On the basis of the phonological
processing deﬁcit account of developmental language impair-
ment (e.g., Bishop and Snowling, 2004), it was predicted that
their gains in verbal aspects of working memory would be
minimal as the nature of the training program would not be
expected to tax input processing skills. In contrast if, like chil-
dren with SLI, this group have a core deﬁcit in verbal STM
(Baddeley et al., 1998; Gathercole, 2006), training that enhances
this memory component would be expected to yield signiﬁcant
gains.
A mixed pattern of response to training emerged for verbal
STM measures. The comparison group made no gains on any
verbal STM measure following training, consistent with ﬁndings
from studies with other populations including children with low
working memory and those with ADHD (Holmes et al., 2009;
Gray et al., 2012; Dunning et al., 2013). However, the LLA group
improved signiﬁcantly on one of the two verbal STM measures
(digit span, but not word span), although here the training by
group interaction was not signiﬁcant. No strong conclusions can
therefore be drawn about whether training has a substantial reli-
able impact on serial recall measures of verbal STM in the group
with LLA.
This group did, however, show a marked diﬀerential increase
in repetition accuracy for the lengthiest multisyllabic items on the
test of non-word repetition relative to the comparison group. The
ﬁnding is important, as it has been suggested that diﬃculties in
repeating non-words in children with the more severe condition
of SLI may reﬂect underlying verbal STM deﬁcits that also con-
tribute to their vocabulary learning diﬃculties (Baddeley et al.,
1998; Gathercole, 2006). An intervention that targets this abil-
ity could therefore have potential for gains in language learning.
However, caution is required in interpreting these results in the
absence of control training conditions in the present study; as
a consequence, training is confounded with repeat testing. The
improved accuracy of repeating ﬁve-syllable non-words in the
LLA group after training (whose pre-training performance was
extremely low at 29% compared with 69% for the comparison
group) may simply reﬂect a practice eﬀect rather than a genuine
diﬀerential beneﬁt of training. This eﬀect was also shown in the
comparison group but at a reduced rate, possibly because some of
the group’s baseline scores may be close to ceiling. Further studies
with randomized allocation of participants to working memory
training and suitable control conditions are needed to tease these
possibilities apart.
In line with many previous studies (e.g., Melby-Lervåg and
Hulme, 2013), both groups made substantial gains on visuo-
spatial STM. This outcome is likely to reﬂect the large number of
Cogmed tasks requiring the mental manipulation and storage of
visual material. Verbal and performance IQ scores also increased
following training for both groups. In the absence a control
intervention condition, these improvements at post-assessment
are diﬃcult to interpret as they may reﬂect non-speciﬁc fea-
tures of training such as daily structured engagement and regular
feedback rather than the consequences of cognitive improve-
ments following memory-taxing practice. Indeed, evidence from
randomized controlled trials has yielded little evidence of selec-
tive enhancement of nonverbal reasoning with working memory
training (e.g., Redick et al., 2013).
A secondary aim of the study was to investigate whether
responses to training are modulated by individual diﬀerences
prior to training. Exploratory analyses performed on data from
the two groups combined to form a single sample revealed some
strong predictive links between pre-training scores and training
outcomes. First, training improved visuo-spatial working mem-
ory to the greatest extent for children with higher verbal abilities.
While not a speciﬁc a priori prediction, this pattern of ﬁnd-
ings is broadly consistent with the predictions from the verbal
STM account of language impairment (Baddeley et al., 1998)
that training targeting the core hypothesized deﬁcit of verbal
storage will enhance recall accuracy. However, support for this
hypothesis in the analyses performed at the group level (LLA
and comparison) was equivocal, as discussed above. The appar-
ent inconsistency in the ﬁndings may reﬂect the fact that group
assignment was based on diﬀerent measures of language to the
variables included in these exploratory individual diﬀerence anal-
yses. The children in the LLA group were selected in this study on
the basis of their performance on two verbal measures, a picture-
word matching vocabulary test that required a pointing response
(Dunn and Dunn, 2007) and a sentence repetition task. In con-
trast, verbal IQ is derived from a vocabulary test requiring the
generation of deﬁnitions, and a similarities test involving com-
parison of the meanings of diﬀerent words. It may therefore be
the case that facility with the semantic aspects of language is a
more critical determinant of response to training than the more
phonologically based language abilities tapped by the screening
tests.
Verbal IQ was both a positive and a negative predictor of
children’s responses to working memory training. First, individ-
uals with the lowest baseline verbal IQs made the greatest gains
following training in verbal STM. Voluntary rehearsal is widely
considered to commence on average at 7 years of age (Flavell
et al., 1966; Gathercole et al., 1994), although in lower-achieving
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children such as the present sample this may be delayed.
One possibility is that for these children, the repeated daily
practice on multiple Cogmed tasks involving the retention of
serial order of verbal material (digits and letters) may promote
the development of simple rehearsal strategies, which in turn
enhance verbal STM performance. Similar gains have certainly
been demonstrated through explicit rehearsal strategy train-
ing in younger typically developing children (Johnston et al.,
1987). This ﬁnding is encouraging, because verbal STM is often
the weakest aspect of working memory in children with LLA.
There may therefore be particular therapeutic value for work-
ing memory training in this population and, potentially, for
children with more severe language learning deﬁcits includ-
ing SLI.
Second, individuals with higher baseline verbal IQs and non-
word repetition scores made the greatest improvements on visuo-
spatial working memory following training. These preliminary
ﬁndings indicate that children’s responses to training may be
directly modulated by their cognitive proﬁles, and that robust
verbal abilities may be vital for the development of new strategies
to meet the complex demands of visuo-spatial working memory
tasks. For example, it may be easier for children with a strong
facility for language to use verbal labels recode stimuli such as
spatial locations or colors, providing them with additional ways
of retaining the memory items. Consistent with this speculation,
recent work has established that Cogmed training is associated
with the development of eﬃcient verbal grouping strategies (e.g.,
Dunning and Holmes, 2014).
This study is, to our knowledge, the ﬁrst to evaluate whether
responses to working memory training are modulated by chil-
dren’s baseline cognitive skills. There are two key ﬁndings. First,
working memory abilities do not appear to constrain responsive-
ness to training: the beneﬁts of training for working memory in
children with LLA accompanied by poor verbal STM and work-
ing memory were largely equivalent to those without language
diﬃculties. Second, training appears to be particularly beneﬁcial
for verbal STM in individuals with low verbal abilities indexed by
verbal IQ. Also, high verbal IQ may aﬀord children opportuni-
ties to develop compensatory strategies through training. These
results provide preliminary evidence that baseline cognitive abili-
ties do indeed modulate the impact of working memory training,
possibly in multiple ways.
References
Alloway, T. P. (2007). Automated Working Memory Assessment. London: Pearson
Assessment.
Alloway, T. P., Gathercole, S. E., and Pickering, S. J. (2006). Verbal and visuospatial
short-term and working memory in children: are they separable? Child Dev. 77,
1698–1716. doi: 10.1111/j.1467-8624.2006.00968.x
Archibald, L. M., and Gathercole, S. E. (2006). Short-term and working memory in
speciﬁc language impairment. Int. J. Lang. Commun. Disord. 41, 675–693. doi:
10.1080/13682820500442602
Archibald, L. M., and Gathercole, S. E. (2007). Non-word repetition in speciﬁc
language impairment: more than a phonological short-term memory deﬁcit.
Psychon. Bull. Rev. 14, 919–924. doi: 10.3758/BF03194122
Archibald, L. M., and Joanisse, M. F. (2009). On the sensitivity and speciﬁcity
of non-word repetition and sentence recall to language and memory impair-
ments in children. J. Speech Lang. Hear. Res. 52, 899–914. doi: 10.1044/1092-
4388(2009/08-0099)
Astle, D. E., Barnes, J. J., Baker, K., Colclough, G. L., and Woolrich, M. W.
(2015). Cognitive training enhances intrinsic brain connectivity in childhood.
J. Neurosci. 35, 6277–6283. doi: 10.1523/JNEUROSCI.4517-14.2015
Baddeley, A. (2000). The episodic buﬀer: a new component of working memory?
Trends Cogn. Sci. 4, 417–423. doi: 10.1016/S1364-6613(00)01538-2
Baddeley, A., Gathercole, S., and Papagno, C. (1998). The phonological loop as
a language learning device. Psychol. Rev. 105, 158–173. doi: 10.1037/0033-
295X.105.1.158
Baddeley, A. D., and Hitch, G. (1974). Working memory. Psychol. Learn. Motiv. 8,
47–89. doi: 10.1016/S0079-7421(08)60452-1
Bavin, E. L., Wilson, P. H., Maruﬀ, P., and Sleeman, F. (2005). Spatio-visual
memory of children with speciﬁc language impairment: evidence for gener-
alized processing problems. Int. J. Lang. Commun. Disord. 40, 319–332. doi:
10.1080/13682820400027750
Bayliss, D. M., Jarrold, C., Baddeley, A. D., Gunn, D. M., and Leigh, E. (2005).
Mapping the developmental constraints on working memory span perfor-
mance. Dev. Psychol. 41, 579–597. doi: 10.1037/0012-1649.41.4.579
Bishop, D. V., Bishop, S. J., Bright, P., James, C., Delaney, T., and Tallal, P. (1999).
Diﬀerent origin of auditory and phonological processing problems in children
with language impairment evidence from a twin study. J. Speech Lang. Hear.
Res. 42, 155–168. doi: 10.1044/jslhr.4201.155
Bishop, D. V., Bright, P., James, C., Bishop, S. J., and Van der Lely, H. K.
(2000). Grammatical SLI: a distinct subtype of developmental language
impairment? Appl. Psycholinguist. 21, 159–181. doi: 10.1017/S01427164000
02010
Bishop, D. V., and Snowling, M. J. (2004). Developmental dyslexia and spe-
ciﬁc language impairment: same or diﬀerent? Psychol. Bull. 130, 858–886. doi:
10.1037/0033-2909.130.6.858
Botting, N., and Conti-Ramsden, G. (2001). Non-word repetition and lan-
guage development in children with speciﬁc language impairment (SLI).
Int. J. Lang. Commun. Disord. 36, 421–432. doi: 10.1080/13682820110
074971
Carretti, B., Borella, E., Cornoldi, C., and De Beni, R. (2009). Role of working
memory in explaining the performance of individuals with speciﬁc reading
comprehension diﬃculties: a meta-analysis. Learn. Individ. Diﬀer. 19, 246–251.
doi: 10.1016/j.lindif.2008.10.002
Catts, H. W., Adlof, S. M., and Weismer, S. E. (2006). Language deﬁcits in poor
comprehenders: a case for the simple view of reading. J. Speech Lang. Hear. Res.
49, 278–293. doi: 10.1044/1092-4388(2006/023)
Catts, H. W., Gillispie, M., Leonard, L. B., Kail, R. V., and Miller, C. A.
(2002). The role of speed of processing, rapid naming, and phonologi-
cal awareness in reading achievement. J. Learn. Disabil. 35, 510–525. doi:
10.1177/00222194020350060301
Chacko, A., Feirsen, N., Bedard, A. C., Marks, D., Uderman, J. Z., and
Chimiklis, A. (2013). Cogmed working memory training for youth with
ADHD: a closer examination of eﬃcacy utilizing evidence-based criteria.
J. Clin. Child Adolesc. Psychol. 42, 769–783. doi: 10.1080/15374416.2013.
787622
Cogmed. (2005). Cogmed Working Memory Training. London: Pearson
Assessment.
Conti-Ramsden, G., Botting, N., and Faragher, B. (2001). Psycholinguistic markers
for speciﬁc language impairment (SLI). J. Child Psychol. Psychiatry 42, 741–748.
doi: 10.1111/1469-7610.00770
Cowan, N. (2010). The magical mystery four how is working memory
capacity limited, and why? Curr. Dir. Psychol. Sci. 19, 51–57. doi:
10.1177/0963721409359277
de Jong, P. (1998). Working memory deﬁcits of reading disabled children. J. Exp.
Child Psychol. 70, 75–96. doi: 10.1006/jecp.1998.2451
Dunn, D. M., and Dunn, L. M. (2007). Peabody Picture Vocabulary Test: Manual.
London: Pearson Assessment.
Dunning, D. L., andHolmes, J. (2014). Doesworkingmemory training promote the
use of strategies on untrained workingmemory tasks?Mem. Cogn. 42, 854–862.
doi: 10.3758/s13421-014-0410-5
Frontiers in Psychology | www.frontiersin.org 8 April 2015 | Volume 6 | Article 519
Holmes et al. Training in poor language learners
Dunning, D. L., Holmes, J., and Gathercole, S. E. (2013). Does working memory
training improve the classroom performance of children with poor working
memory? A randomised controlled trial. Dev. Sci. 16, 915–925.
Engle, R. W., Tuholski, S. W., Laughlin, J. E., and Conway, A. R. (1999). Working
memory, short-term memory and general ﬂuid intelligence: a latent variable
approach. J. Exp. Psychol. Gen. 125, 309–331. doi: 10.1037/0096-3445.128.3.309
Flavell, J. H., Beach, D. R., and Chinsky, J. M. (1966). Spontaneous verbal
rehearsal in a memory task as a function of age. Child Dev. 37, 283–299. doi:
10.2307/1126804
Gathercole, S. E. (2006). Non-word repetition and word learning: the nature of the
relationship. Appl. Psycholinguist. 27, 513–543.
Gathercole, S. E., Adams, A. M., and Hitch, G. J. (1994). Do young children
rehearse? An individual-diﬀerences analysis. Mem. Cogn. 22, 201–207. doi:
10.3758/BF03208891
Gathercole, S. E., and Alloway, T. P. (2006). Practitioner review: short-term and
working memory impairments in neurodevelopmental disorders: diagnosis and
remedial support. J. Child Psychol. Psychiatry 47, 4–15. doi: 10.1111/j.1469-
7610.2005.01446.x
Gathercole, S., and Alloway, T. P. (2008). Working Memory and Learning: A
Practical Guide for Teachers. London: Sage.
Gathercole, S. E., and Baddeley, A. D. (1989). Evaluation of the role of phonolog-
ical STM in the development of vocabulary in children: a longitudinal study.
J. Mem. Lang. 28, 200–213. doi: 10.1016/0749-596X(89)90044-2
Gathercole, S. E., and Baddeley, A. D. (1996). The Children’s Test of Non-word
Repetition. London: Pearson Assessment.
Gathercole, S. E., Service, E., Hitch, G. J., Adams, A. M., and Martin, A. J. (1999).
Phonological short-term memory and vocabulary development: further evi-
dence on the nature of the relationship. Appl. Cogn. Psychol. 13, 65–77. doi:
10.1002/(SICI)1099-0720(199902)13:1<65::AID-ACP548>3.0.CO;2-O
Gray, S. A., Chaban, P., Martinussen, R., Goldberg, R., Gotlieb, H., Kronitz, R.,
et al. (2012). Eﬀects of a computerized working memory training program on
working memory, attention, and academics in adolescents with severe LD and
comorbid ADHD: a randomized controlled trial. J. Child Psychol. Psychiatry 53,
1277–1284. doi: 10.1111/j.1469-7610.2012.02592.x
Hardy, K. K., Willard, V. W., and Bonner, M. J. (2011). Computerized cognitive
training in survivors of childhood cancer: a pilot study. J. Pediatr. Oncol. Nurs.
28, 27–33. doi: 10.1177/1043454210377178
Henry, L. (2011). The Development of Working Memory in Children. London: Sage.
Holmes, J., Gathercole, S. E., and Dunning, D. L. (2009). Adaptive training leads
to sustained enhancement of poor working memory in children. Dev. Sci. 12,
F9–F15. doi: 10.1111/j.1467-7687.2009.00848.x
Holmes, J., Gathercole, S. E., Place, M., Dunning, D. L., Hilton, K. A., and Elliott,
J. G. (2010).Workingmemory deﬁcits can be overcome: impacts of training and
medication on working memory in children with ADHD. Appl. Cogn. Psychol.
24, 827–836. doi: 10.1002/acp.1589
Jaeggi, S. M., Buschkuehl, M., Jonides, J., and Perrig, W. J. (2008). Improving ﬂuid
intelligence with training on working memory. Proc. Natl. Acad. Sci.U.S.A. 105,
6829–6833. doi: 10.1073/pnas.0801268105
Johnston, R. S., Johnson, C., and Gray, C. (1987). The emergence of the word length
eﬀect in young children: the eﬀects of overt and covert rehearsal. Br. J. Dev.
Psychol. 5, 243–248. doi: 10.1111/j.2044-835X.1987.tb01059.x
Karbach, J., and Schubert, T. (2013). Training-induced cognitive and neural
plasticity. Front. Hum. Neurosci. 7:48. doi: 10.3389/fnhum.2013.00048
Klingberg, T. (2010). Training and plasticity of workingmemory. Trends Cogn. Sci.
14, 317–324. doi: 10.1016/j.tics.2010.05.002
Klingberg, T., Fernell, E., Olesen, P. J., Johnson, M., Gustafsson, P., Dahlström, K.,
et al. (2005). Computerized training of working memory in children with
ADHD-a randomized, controlled trial. J. Am. Acad. Child Adolesc. Psychiatry
44, 177–186. doi: 10.1097/00004583-200502000-00010
Klingberg, T., Forssberg, H., and Westerberg, H. (2002). Training of working
memory in children with ADHD. J. Clin. Exp. Neuropsychol. 24, 781–791. doi:
10.1076/jcen.24.6.781.8395
Majerus, S., Poncelet, M., Greﬀe, C., and Van der Linden, M. (2006). Relations
between vocabulary development and verbal short-term memory: the relative
importance of short-termmemory for serial order and item information. J. Exp.
Child Psychol. 93, 95–119. doi: 10.1016/j.jecp.2005.07.005
Martinussen, R., Hayden, J., Hogg-Johnson, S., and Tannock, R. (2005).
A meta-analysis of working memory impairments in children with attention-
deﬁcit/hyperactivity disorder. J. Am. Acad. Child Adolesc. Psychiatry 44, 377–
384. doi: 10.1097/01.chi.0000153228.72591.73
Melby-Lervåg, M., and Hulme, C. (2013). Is working memory training eﬀective? A
meta-analytic review.Dev. Psychol. 49, 270–291. doi: 10.1037/a0028228
Montgomery, J. W. (1995). Examination of phonological working memory in
speciﬁcally language-impaired children. Appl. Psycholinguist. 16, 355–378.
Oberauer, K., Lewandowsky, S., Farrell, S., Jarrold, C., and Greaves, M. (2012).
Modeling working memory: an interference model of complex span. Psychon.
Bull. Rev. 19, 779–819. doi: 10.3758/s13423-012-0272-4
Pickering, S. J. (2006). “Working memory in dyslexia,” in Working Memory and
Neurodevelopmental Conditions, eds T. P. Alloway and S. E. Gathercole (Hove:
Psychology Press), 7–40.
Rapport, M. D., Orban, S. A., Koﬂer, M. J., and Friedman, L. M. (2013). Do
programs designed to train working memory, other executive functions, and
attention beneﬁt children with ADHD? A meta-analytic review of cognitive,
academic, and behavioural outcomes. Clin. Psychol. Rev. 33, 1237–1252. doi:
10.1016/j.cpr.2013.08.005
Redick, T. S., Shipstead, Z., Harrison, T. L., Hicks, K. L., Fried, D. E., Hambrick,
D. Z., et al. (2013). No evidence of intelligence improvement after working
memory training: a randomized, placebo-controlled study. J. Exp. Psychol. Gen.
142, 359–379. doi: 10.1037/a0029082
Semel, E., Wiig, E. H., and Secord, W. A. (2006). Clinical Evaluation of Language
Fundamentals CELF-4 UK, 4th Edn. London: Psychological Corporation.
Sonuga-Barke, E. J., Brandeis, D., Cortese, S., Daley, D., Ferrin, M., Holtmann, M.,
et al. (2013). Non-pharmacological interventions for ADHD: system-
atic review and meta-analyses of randomized controlled trials of dietary
and psychological treatments. Am. J. Psychiatry 170, 275–289. doi:
10.1176/appi.ajp.2012.12070991
Swanson, H. L., and Sachse-Lee, C. (2001). Mathematical problem solving and
working memory in children with learning disabilities: both executive and
phonological processes are important. J. Exp. Child Psychol. 79, 294–321. doi:
10.1006/jecp.2000.2587
Thorell, L. B., Lindqvist, S., Bergman Nutley, S., Bohlin, G., and Klingberg, T.
(2009). Training and transfer eﬀects of executive functions in preschool chil-
dren. Dev. Sci. 12, 106–113. doi: 10.1111/j.1467-7687.2008.00745.x
Tomblin, J. B., and Zhang, X. (1999). “Language patterns and etiology in chil-
dren with speciﬁc language impairment,” in Neurodevelopmental Disorders:
Developmental Cognitive Neuroscience, ed. H. Tager-Flusberg (Cambridge, MA:
MIT Press), 361–382.
Unsworth, N., and Engle, R. W. (2007). On the division of short-term and work-
ing memory: an examination of simple and complex span and their relation
to higher order abilities. Psychol. Bull. 133, 1038–1066. doi: 10.1037/0033-
2909.133.6.1038
Wechsler, D. (1999). Wechsler Abbreviated Scale of Intelligence(WASI). London:
Pearson Assessment.
Westerberg, H., and Klingberg, T. (2007). Changes in cortical activity after training
of working memory a single-subject analysis. Physiol. Behav. 92, 186–192. doi:
10.1016/j.physbeh.2007.05.041
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or ﬁnancial relationships that could be
construed as a potential conﬂict of interest.
Copyright © 2015 Holmes, Butterﬁeld, Cormack, van Loenhoud, Ruggero, Kashikar
and Gathercole. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduc-
tion in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Psychology | www.frontiersin.org 9 April 2015 | Volume 6 | Article 519
